Objectives To compare reconstructed area and surface roughness of 3D models acquired using nine image acquisition protocols. Radiation dose was also compared among acquisition protocols. Methods A dry craniofacial specimen was scanned using three CT devices (a cone beam CT, a 16-channel fan beam CT, and a 64-channel fan beam CT), with three different acquisition protocols each. Nine 3D models were manufactured using polylactic acid. Surface roughness and reconstructed area were determined for each 3D model. The radiation dose during acquisitions was measured using lithium crystals. ANOVA was used to compare the data among the 3D models. Linear function optimization techniques based on stochastic variables were applied to identify the most suitable protocol for use. Results For surface roughness, statistically significant differences were observed among all 3D models and the specimen. For reconstructed area, CBCT and one CT-16 channel protocols originated 3D models statistically significant different from the specimen. Higher radiation doses were observed with fan beam CT acquisitions. Conclusions All three CT devices were suitable for 3D printing when used at full resolution. The highest reconstruct area vs. radiation dose ratio was found for 64-channel CT devices.
Introduction
Rapid prototyping of 3D models has enabled significant advances in cost-affordable diagnostic, planning and manufacturing technology for prosthesis applications. The use of biomodels has also increased the predictability of surgical procedures, leading to surgical time reduction, and to post-surgery conditions improvement [1] . Erickson et al. [2] reported that 69% of medical and dental specialists have used stereolithographic models for diagnostic purposes, and 73% for explanatory purposes-77% of the sample reported a reduction in surgical time.
Even though high success rates are associated with the use of rapid prototyping [3, 4] , 3D models have been reported to differ from relevant anatomical structures in some studies. A biomodel should have some characteristics to enable its use, and to increase the rates of success, such as to include all of the anatomy of interest, to be free from any artefacts that result in deviating from the reality, and to have a smooth surface [5, 6] . Manufacturing methods, acquisition protocols, and patient's characteristics may cause errors on the 3D model, which could influence on preoperative planning or on surgical simulation [5, [7] [8] [9] .
Developments of medical imaging applications and computer software enabled the easy manipulation of images obtained by computed tomography (CT) [10] . Whenever a CT examination is needed, it is important to have in mind the recommended principles of justification, optimization, and limitation of dose. Thus, an appropriate acquisition protocol should be selected, based on the selection of correct exposure parameters, field of view (FOV), and voxel size, depending on diagnostic needs [11] [12] [13] . The precision of rapid prototyping techniques also depends on a number of factors, such as scanner type (cone beam or fan beam), acquisition time, FOV, voxel size, slice thickness, pitch, gantry type, and image filters [14] [15] [16] . Despite several common features shared by cone beam CT (CBCT) and fan beam CT (FBCT) [17] , CBCT can be conveniently used in dental applications in view of isotropic voxels, rapid scanning, easy availability, and low operating cost, in addition to low patient radiation dose [18, 19] .
The aim of this study was to perform a throughout evaluation on the accuracy of 3D models manufactured based on different image acquisition protocols, comparing surface roughness, and reconstructed area. The radiation dose from the acquisition protocols was also compared.
Materials and Methods

Study Design
A cross-sectional observational in vitro study was conducted following approval by the Research & Ethics Committee of the Faculty of Dentistry (No. 22201). Nine 3D models were printed from a dry craniofacial specimen bounded by a line crossing the frontozygomatic sutures at the top, a line passing through the rear of pterygoid apophysis at the back, the occlusal plane with its palate vaulting at the bottom, and the anterior wall of the maxillary sinus, up to the alveolar ridge, at the front. The specimen used in this study was made available by the Museum of Anatomy of the Faculty of Dentistry.
Setting
Three CT devices were used for the acquisition of tomographic images: a CBCT (i-CAT tomography, Imaging Sciences International, Inc, Hatfield, PA, USA), a FBCT 16-channel (Bright Speed, General Electric, Milwaukee, Wisconsin, USA), and a FBCT 64-channel (SOMATOM Sensation, Siemens AG Medical Solutions, Erlangen, Germany). Image acquisition protocols for each of the CT devices are shown in Table 1 . Two lithium crystal dosimeters (SAPRA, São Paulo, SP, Brazil) were attached to the anterior maxillary sinus wall in each of the CT acquisitions for radiation dose measurement. The specimen was immersed in a plastic vessel containing water in order to simulate soft tissue during acquisitions.
Data were exported in DICOM format and converted to .stl format using InVesalius 3 Beta 2 (CenPRA, Renato Archer Research Center, Campinas, SP, Brazil). The same printer (PA2200; Sinterstation HiQ, 3D Systems Company, Valencia, CA, USA) was used to manufacture all 3D models, using selective laser sintering (SLS) technique in polylactic acid (PLA).
Data Collection
All nine 3D models and the specimen were tested for reconstructed area and surface roughness. Reconstructed area was determined by the filling material and calculated on photographs of the orbit floor. The 3D models and the specimen were placed in a standardized position, with the orbit floor facing up. The camera was fixed to a tripod (40 cm focus-object distance) with the focus perpendicular with the orbit floor surface. The photographs were imported into Image J software (National Institutes of Health, Bethesda, Maryland, USA). After image calibration, the orbit floor area (mm 2 ) was delimited by a line starting at the inner orbital angle, running along the anterior edge of the pterygomaxillary fissure up to the infraorbital crest, and then medially, surrounding the tear duct, before returning to the inner corner of the eye orbit along the etmoidmaxillary suture (Fig. 1) . The non-reconstructed area of the 3D models was also measured and subtracted from the studied area, and then the reconstructed area was obtained (%). The measurements from the right and the left sides were taken, and the mean value was used. All measurements were repeated after 15 days to ensure intra-examiner reproducibility (ICC [ 0.9).
The surface roughness was determined by a roughness meter (Mitutoyo American Corporation SJ-201, Aurora, IL, USA) in units of roughness average (Ra). The external surface of the zygomatic bone was analyzed, and five readings per sample were recorded (Fig. 2) .
The mean radiation dose from the two lithium crystal dosimeters was recorded for each of the nine exposure parameters.
Statistical Analysis
Surface roughness, reconstructed area, and radiation dose were compared using ANOVA, followed by post hoc Tukey test and Dunnett T3 for radiation dose. The level of statistical significance was p \ 0.05.
Since the studied variables are expressed in different units of measurement, a linear function index was used to compare them. A linear optimization technique based on stochastic variables was applied using Risk Optimizer software (Palisade Corporation, Ithaca, NY, USA) to identify which protocol had the highest performance. The procedure was based on the linear function index, where 91 is the roughness (Ra), 92 is the reconstructed area (%), and 93 is the radioactive dose (mSv). Because the variables are positive, to maximize the above index, the second variable should be maximized while the first one and the third one should be minimized. Table 2 shows the comparisons for reconstructed area, surface roughness and radiation dose. All models achieved satisfactory reconstructed area: CT-16 0.625 reached the highest value (99.88% of the study area reconstructed), whereas CB 0.3 demonstrated the lowest reconstructed area (58.93%) (Fig. 1) .
Results
The results for surface roughness indicated statistically significant differences among all the 3D models and the specimen ( Table 2 ). The protocol which differed the most from the specimen was the CB 0.25 (Fig. 2) .
For radiation dose (Table 2) , CBCT protocols showed lower values than FBCT devices. Voxel size was inversely related to radiation dose for CBCT protocols: the lower the voxel size, the higher the radiation dose. For FBCT devices, there was a direct relationship between these variables: the lower the voxel size, the lower the radiation dose, for both 16-or 64-channels CT.
To compare the variables shown in Table 2 , results were normalized to zero and a standard deviation (SD) equal to Table 3 . In order to discriminate the most suitable protocol, weight coefficients were applied to each studied variable (surface roughness-reconstructed area-radiation dose). Five different compositions (A, B, C, D and E) were proposed. In column A, the same coefficient was applied to the three variables, showing that CT-64 1.0 mm lead to the most accurate results. If reconstructed area and radiation dose are assigned higher weights (column B and C), CT-64 0.75 mm CT-64 1.0 mm appear as the best fit protocols. CB 0.2 voxel appears as the best option assuming that radiation dose has a higher weight than that the other variables (column D). If reconstructed area is assigned the highest weight coefficient (column E), the highest precision is associated with CT-16 0.625 mm, which reproduced 99.88% of the reconstructed area.
Applying linear optimization techniques and random variables with Risk Optimizer software, weight coefficients were selected randomly by Monte Carlo simulation and optimal values were determined. The software selected a 64-channel protocol 95% of the time, CT-64 1.0 mm or CT-64 0.75 mm over 85% of the time, with a marked preponderance of CT-64 0.75 mm (Table4).
Discussion
Rapid prototyping of 3D models is routinely used for diagnosis, communication and pre-surgical planning, but also for more complexes procedures, such as the design and manufacture of implants and prosthesis [1] [2] [3] [4] . Therefore, it is very advisable for those models be accurate. Despite the precision of CT-based 3D printing techniques, some studies have reported errors on reproducibility of anatomical details and on measurements, amounting to as much as 0.6 mm [11, 13, 20, 21] , depending on the slice thickness of acquisition protocols and on the manufacturing method. This study evaluated the reconstructed area by comparing the bone tissue present on the specimen and on the 3D models. It was observed that a 16-channel CT device can be used conveniently at a 0.625 mm slice thickness to reconstruct 99.88% of the bone specimen. The reconstructed area of 3D models based on 64-channel FBCT acquisitions was as high as 98.8%, while CBCT protocols had the lowest values. Those results are in accordance with the literature, suggesting that 3D models based on FBCT can successfully reconstruct relevant anatomical structures [1, 3, 4] .
The surface roughness of a 3D model is related to the layer thickness at which the model is built, and to the slice thickness of the CT acquisition protocol [8] . This study was based on the same manufacturing method (SLS), and therefore the results from surface roughness may be attributed to the differences on the acquisition protocols. Even though statistically significant differences were found among the specimen and the 3D models, the differences among the protocols were not great enough. Clinical implications of those differences should be further investigated.
The radiation dose is a constant concern among health professionals, and FBCT is associated with higher radiation exposure than CBCT [22] . In this study, those 3D models based on 16-channel CT showed the highest radiation dose, which was 1.39-fold higher than that found for 64-channel CT protocols. On the other hand, CBCT protocols provided a radiation dose 3.70-fold lower than that of 64-channel FBCT and 5.14-fold lower than that of 16-channel FBCT protocols. Differences in radiation dose have been reported to depend directly on the mAs specified for each protocol [23] . In this research, protocols of 90 mAs for the 64-channel CT and 100 mAs for the 16-channel CT were used. The above explains the identification of three welldefined groups: CBCT, 64-channel FBCT and 16-channel FBCT protocols. It also explains the differences found among the CBCT protocols, as the mAs differed according to the protocol.
Various studies have addressed the suitability of CBCT for diagnostic and surgical planning applications in dentistry [18, 19] . Erickson et al. [2] reported that 70% of the 3D model requests are made by practitioners who want to study and plan clinical cases of high surgical complexity. The results of the present study indicate the use of CBCT at a 0.2 mm voxel, as it was the protocol with the greatest reconstructed area (89%), minimizing the radiation dose where explanatory purposes are sought.
Furthermore, if the clinical purpose of the 3D model is to manufacture oral maxillofacial prostheses, then the protocol leading to the greatest reconstructed area should be recommended in order to ensure the adjustment of the manufactured pieces [3] [4] [5] [6] [7] . In this study, the 3D models that led to the smoothest surface and to the highest reconstructed area were acquired with a 64-channel CT. The use of the 64-channel CT 0.75 mm protocol is recommended as it had lower radiation dose than the 64-channel CT 1.0 mm protocol. Therefore, for planning and explanatory purposes, CBCT scans at 0.2 voxel size are recommended, whereas for manufacturing of oral maxillofacial prostheses 64-channel FBCT at 0.75 mm voxel size seems to have better results.
Patient motion and presence of metal materials are among the sources of noise in CT acquisition, which could impair the manufacturing of biomodels [6, 24, 25] . Therefore, the present study was based on an in vitro model, without any metal structure, so the evaluation was restricted to the type of CT, and to the acquisition protocols. Furthermore, the specimen was immersed in water in order to simulate soft tissue, for x-ray attenuation before it reaches the bone.
Based on the results from the present study, it is possible to conclude that all CT devices proved to be suitable for 3D printing when used at full-resolution. Nevertheless, there were important differences concerning the reconstructed area of the 3D models and the radiation dose, which should guide the selection of the most appropriate acquisition protocol, correlating the indication purpose with the As Low As Reasonably Achievable (ALARA) principle.
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